Hybrid components combine the contradictory characteristics of plastics and metal and thus can lead to advantageous construction part properties. As a result light and concomitantly stiff components can be produced. Therefore, the need for joining these dissimilar materials is a central challenge.
Motivation / State of the Art
Even if plastics-metal components can be fabricated using different processes nowadays, these processes have disadvantages due to the necessary large number of fabrication steps and restrictions in productivity as well as due to the attainable component complexity. Moreover, the material groups (metal or plastics) are basically considered separately from each other.
Until now, the connection of these materials has usually been performed by adhesive bonding, screwed fastening or the so-called mold-in technique. Hereby the properties of the particular process define the area of application. Clamped or screwed joints allow a detachable connection, while form-closed connections are able to transmit high forces free from backlash. Adhesive bonding is usually applied for large areas. A complex preparation of the components is necessary for all mechanical connections. Adhesive bonding has become established as a joining technology in the meantime and is becoming more and more significant. Nowadays, adhesives are utilized in many fields such as the building trade, mechanical engineering, vehicle construction, furniture manufacture, the packaging industry as well as medicine.
In order to produce hybrid joints between plastics and metal, not only are adhesive bonding processes available at present but various thermal joining processes can also be used in order to produce plastics-metal joints. In this aspect, the composite is based on either positive or non-positive locking. In addition to adhesive bonding and mechanical joining techniques, hybrid composites are also possible using forming processes such as riveting and flanging [1] . In particular, automobile construction requires the possibility of joining different types of materials.
One common feature of all the positive locking processes is that provision must be made for suitable elements such as rivet shanks, through-holes etc. either on the metal side or on the plastics side in order to produce a joint.
The most commonly used connection technique for plastics with metal is the mold-in technique during injection molding. The metal component is placed in an adapted tool prior to the injection-molding process. Optimal process results require tight tolerances of the tool and high-precision components.
A process for a subsequent joint is the so-called post-molding technique, which is mainly used for thread-inserts, heated by induction and then pressed into the plastic component. Thereby, the plastic melts and surrounds the metallic part. After cooling down, a form-closed connection is achieved. Hereby, only the whole components may be heated; ceramics cannot be processed. The positioning of the inductor is often difficult and the heat input not sufficient for small structured sizes [2] .
In order to join semi-finished products of plastics and metals directly without using a macroscopic positive joint or an adhesive agent like a primer, different thermal joining techniques should be improved. As it is state of the art a direct joining of metals and plastics cannot be expected at hand. Recent experiments [3] show that the overlapjoining process needs fine process adjustment and the right material combination to achieve a sustainable joint strength. The achieved results show that an appropriate microstructure can lead to high shear strengths for several plastic-metal combinations [4] . It is also made clear that for many polymer-metal-combinations overlap-joining is impossible without any surface treatment, especially joints with demands for high strength. The mechanical interlocking is elaborated to be a suitable and reliable way to realize plastic-metal hybrids. Within the scope of this project the investigated joining techniques are the laser transmission joining and the induction joining. Using these joining techniques high bond strengths between plastics and metals should be achieved with low effort compared to state of the art techniques like adhesive bonding. Bonding mechanisms playing an important role for the new thermal joining technique are a clamping in the microscopic range and the physisorption (e.g. dispersion and dipole forces on atomic range) [5] .
Pre-treatment laser microstructuring
The application of high speed laser structuring of metals is a productive way to realize fast station times needed for mass production processes. The contactless, nonwearing process allows a fast and flexible production while the marginal heat input allows locally restricted treatment of joining areas close to sensitive part areas, e.g. electronic connectors. The beam movement realized by a galvo scanning system, is capable of scanning variable structure patterns at high speed. Especially stress peaks in the connection area can be avoided if the orientation and density of the microstructures are designed to deliver a homogeneous stress profile. Because of the innovative approach using a combination of sublimation and melting, the process speed is faster compared to conventional structuring processes. The evaporation pressure created by the high laser intensity in the middle of the microstructure ejects the surrounding melt out of the structure bottom towards the surface (Figure 3a ). The structuring is repeated to achieve an undercut structure since the generated melt recasts not only on the surface but also at the structure border.
For the experiments carried out 2 mm thick stainless steel (1.4301) samples (80 mm x 20 mm) are structured with a μs-pulsed Nd:YAG disc laser (StarDisk, Fa. Rofin) using a scanning system. The parameters are evolved from prior experiments [3] . In these, the laser power is determined to be 40 W, the laser frequency is 22.5 kHz and the feed rate is 450 mm/s. To achieve an undercut structure the structuring is repeated three times. The microstructure grooves are applied in a small area (20 mm x 5 mm) at the top of the sample. The width of the grooves are approximately 40 μm, the depths are measured by 50 μm. A picture of the cross section is shown in Figure 3b .
To investigate the influence of different structure densities, the line distances are varied from 200 μm to 800 μm for the laser transmission joining. The samples for the induction joining process are all produced with a line distance of 200 μm. To compare the line distances, the structure density (SD) is introduced. The SD is defined by the width of structure (70 μm) divided by the distance between each structures. Theoretically a structure density of 1 is possible, but the experiments show, that smaller line distances lead to interaction between adjacent structures and therefore influences the microstructure geometry. In the experiments structure densities between 0.09 for a line distance of 800 μm to 0.7 for a line distance of 100 μm are feasible. 
Thermal Joining techniques
Decisive requirements for the thermal joining processes are a modular build-up to be flexible regarding joining geometries, material combinations and lot sizes as well as a fast and controlled energy input. Therefore, laser transmission joining and induction joining are used to qualify the thermal joining as a proper joining technique for industrial application of metal/plastic-hybrids. The parts are joined in an overlap configuration so that an external force can be applied during the heating process which improves the thermal conduction between the parts and pushes the molten plastic into the surface structures of the metal part. Using a defined holding time, the polymer is able to penetrate to the surface structure of the metal part so that mechanical and physical adhesion forces apply. The variable energy input allows a high productivity with low installation costs and a temperature control for a joining process adapted to the parts components. Both joining processes can realize a fast, contactless and largescale heating of the metal. While laser transmission joining allows a locally restricted and precisely controlled heat input, induction joining is capable of short heating times for large areas with a reduced expense in equipment. Both processes are investigated and compared to competitive joining techniques like adhesive bonding.
Laser transmission joining
The transmission joining process with diode lasers is a well-known process for the joining of two parts of plastics in overlap configuration [6] . The existing process technology can therefore be adapted to metal plastic joining. The flexible beam guidance allows a selective heating of arbitrary component geometries and the local control of the joining process. Both parts are brought into direct contact prior to welding. The plastics part has to be sufficiently optically transparent for the laser beam wavelength used while the metal part should absorbe the laser energy. During the welding process the laser beam is transmitted into the joining area through the transparent plastics part. In this area, the electromagnetic energy is transformed into heat energy due to the absorption at the absorbing joining partner [7] . By means of heat conduction the laser transparent material is heated and plasticized. Due to the high energy density of the laser radiation and the local heating of the surface short joining and cooling down times are possible. Three different irradiation methods can be distinguished for the laser joining process:
Contour welding: The laser beam is moved along the weld contour and the parts are, therefore, sequentially joined. A flexible adaption of the joint geometry is therefore possible while providing ideal joining temperatures via pyrometric process control.
Quasi-simultaneous welding: The contour is scanned quickly several times in order to supply plasticized material over the weld contour. Short welding times and flexible joint seam adaptions are possible.
Simultaneous welding: The irradiation takes place along the whole weld contour simultaneously by using adapted laser optics or a laser system. Very short welding times are possible, while less flexibility in the joint geometry is given and a higher effort for temperature control has to be considered.
Three different plastics are used for the joining experiments: polycarbonate (Makrolon 2405), polyamide (Schulamid MV 66) and a glass fibre reinforced polyamide (Schulamid GF30). All plastic samples have a size of 80 x 20 mm with an attached energy director dedicated for ultrasonic welding. The thickness of the samples is 2 mm. This energy director is molten during the joining process and is used to deliver sufficient melting volumes to fill the microstructures.
The samples are placed in overlap geometry by applying Fjoin with a clamping device (Figure 4 ). This pneumatic driven device enhances the flow of the molded plastic material into the microstructures of the steel. To avoid the influence of different optical properties of the polymers, which leads to a scattering of the laser beam [8] and the increasing absorption with increasing microstructure density on the metal surface, the samples are irradiated from the bottom of the metal joining partner. At the beginning of the process only the top of the energy director touches the metal structure. During the joining process this area gets wider, because the energy director begins to melt down. To monitor the meltdown process and to receive comparable results, an inductive odometer is installed at the clamping device and connected to the laser source. Once the desired melting way s is reached, the laser is automatically switched off. The joining process is realized by a galvo-scanning system with a diode laser system at 250 W in quasisimultaneous set up. The length of the irradiated line is 18 mm with a scan speed of 800 mm/s. Using the melting way control, the realized irradiation time is between 1.5 s for Polycarbonate to 5 s for Polyamid GF30.
Induction Joining
Induction heating is used in several industrial applications, induction hardening and fast adhesive curing processes being just two examples. The advantage of the fast heat input in metal specimen qualifies it as an alternative joining technique for metal/plastics hybrids in contrast to established joining techniques like adhesive bonding or mould-in techniques [9] .
The joining partners can either be brought together before or after the induction induced heating process. To minimize the heat transfer losses and to allow a better wetting of the molten polymer, constant pressure is applied during the joining process. A high frequency alternating voltage generates an alternating magnetic field around the inductor. This magnetic field induces turbulent flows in the metallic specimen. Depending on the electrical resistance of the specimen, heat is induced in the metallic specimen [10] . By means of heat conduction the plastic specimen is heated up to its melting point. The metallic surface is wetted by the polymer melt and adhesion forces develop between the polymeric and metallic molecules. In the heat dissipation phase of the process pressure is still applied on the specimen to prevent the joint from failing due to shrinkage effects.
For the induction joining experiments, two different plastics are used: polyamide (Schulamid MV66) and a glass fiber reinforced polyamide (Schulamid GF30). The same sample sizes were used as in the experiments with the laser transmission joining. Both plastic specimen are joined with stainless steel sheets (1.4301). The surfaces of the stainless steels are microstrucured as described above with a structure density of 0.35.
The specimen are brought together before the actual joining process and are joined in an overlap geometry with a constant surface pressure join of 2,5 MPa and an overlap length of 5mm ( Figure 5 ). In the heat dissipation phase of the process the surface pressure is maintained for 30 s to prevent a premature failure due to shrinkage effects.
The plastic specimen were degreased with isopropanol in an ultrasonic bath for 5 min while the metal specimen were pre-treated by laser structuring with a line distance of 200 μm, hence a structure density of 0.35.
To evaluate the achievement potential of the pre-treatment by laser structuring untreated metal specimen (1.4301) were joined with induction joining as a reference material and sand blasted metal specimen were adhesively bonded for a comparison of state of the art joining techniques. The used adhesive (3M Scotch Weld DP410) is qualified for the bonding of metal and polymer by the manufacturer. Beside the joining pressure the induction time, induction power and the distance between the specimen are the decisive influential parameters of the induction joining process. Furthermore, the geometry of the inductor and the electrical resistance of the metal joining partner determine the homogeneity and the speed of the heat transfer in the specimen. These parameters were determined in preliminary tests.
Results and Discussion

Comparison of the structure density
The results of the shear strength tests for different structure densities with the laser transmission joining show that the shear strength of the joint is raised with increasing structure density. For a non-structured sample, no joining between both materials is possible for the investigated process. The shear strength results of polycarbonate (PC) for different structure densities are shown in Figure 6 for laser transmission joining. For each set of parameters, five samples are tested. Low structure densities (0.09 SD) can realize a connection with acceptable shear strength in the range of adhesive bonds. Due to the structuring process these samples have a large standard deviation. High structure densities (0.07 SD) ensure durable connections with minor standard deviation and therefore allow industrial applications with high mechanical load. 
Comparison of different plastic materials
The shear strength results of the different plastics and the two investigated joining technologies are shown in Figure 7 and compared to adhesively bonded plastic/metal samples. For each plastic and pre-treatment five samples were tested. The bar graphs show the averaged breaking shear strength with the standard deviation. The laser structure has a structure density of 0.35. The results show that with both joining technologies good joining qualitites are achieved. The shear strength for the laser structured samples is in the area of 16-17 MPa for PA66 and 20-23 MPa for glass fiber reinforced PA66 for both joining processes. For PC with laser joining a shear strength of 14 MPa is achieved. The plastic materials have different tensile strengths (PC 65 MPa; PA66 70 MPa; PA66GF30 120 MPa), but the achieved shear forces show minor influence by the tensile strength especially for PA66GF30, where higher values were expected. Taking the impact resistance into account, the results can be explained: While PC does not break during Charpy notch impact, PA66GF30 of 70 kJ/m². This means that the notch effect caused by the microstructure does not seem to affect the results for PC. The results for PA66GF30 show that this effect inhibits higher strength for materials prone to notch effect in relation to the achievable tensile strength of the material itself. Therefore, the geometry at the neck of the microstructure has to be improved.
The samples joined with PA 66 show a cohesive failure in all thermally joined samples independent of the pretreatment while the adhesively bonded samples fail adhesively at the plastic/adhesive interface with a poor shear strength performance. Polyamid, having a rather high surface tension in contrast to other plastics, is able to develop strong intermolecular forces to the metal substrate even in untreated condition. Since all samples fail cohesively in the plastics base material, the forces are comparable. To qualify the laser-structured pre-treatment an adhesive failure in the joining interface is needed. Since an increase of the specimen thickness would result in higher bending moments in the shear test, PA 66 GF30 was tested which has a higher cohesive strength. The test results of PA 66 GF30 show that with the untreated specimen rather poor results are reached in the shear test. With an averaged shear strength of 2,5 MPa the bondings all fail adhesively in the joining interface. When the resulting breaking pattern is examined, a high glass fiber content can be recognized (Figure 8a ). Since mainly intermolecular forces between the plastic and the untreated metal surface are responsible for the joint shear strength, the worse results of the glass fiber filled PA66 in contrast to the unfilled PA 66 samples can also be explained by the fewer wetted surface which is actually able to develop intermolecular forces with the unstructured metal samples. The laser structured specimen show averaged breaking shear strengths of 24 MPa. The reason for this phenomenon is, on the one hand, the surface increase in size because of the laser structured geometries. On the other hand, the structures allow a mechanical interlocking between the plastic and the metal. Furthermore the glass fibers can also move into the microstructure (Figure 8b ). This causes an increase of the shear strength as well. Which of these effects dominates and if the indentation of the glass fibers in the laser-structured geometries benefits the shear strength have to be investigated in further work.
The adhesively bonded specimen again show a very poor performance failing in the plastic/adhesive interface with comparable shear strength values as the untreated thermally joined PA66GF30. While the technical data sheet of the adhesive shows potential shear strength values of about 10MPa for glass fibre reinforced plastics, in the realization of adhesively bonded components joining technique specific boundary conditions like temperature control and fixture conditions have to be considered, since resulting residual stress or inhomogeneous adhesive curing decrease the potential shear strength. Still mainly the chemical incompatibility between the plastic and the adhesive seems to be the decisive factor in this particular application. 
Summary and outlook
Both implemented joining technologies are feasible to realize a flexible and fast joining process with minimized heat input and outstanding heating times. The flexibility of the processes allows the use for metal joining with different thermoplastic materials. These newly developed processes enable the joining of dissimilar materials like plastics and metals without additional material as an alternative to the established technologies like mould-in, adhesive bonding or screwing. They show that for industrial applications adhesive bonding is not the only and best solution for hybrid joining of plastic and metal components.
By using a microstructure with an undercut shape, the mechanical interlock of the joint is established and high shear strengths up to 24 MPa can be achieved. Without any pre-treatment a joining process cannot be expected at hand for all plastic materials. Especially when small areas should be joined, microstructuring with laser radiation as a surface pretreatment can resolve in a better joint strength while avoiding the generally known disadvantages of adhesives.
By combining mechanical and physical adhesion, high shear strengths are achieved with both joining processes, which are close to the bulk shear strength of the plastic material. The experimental data shows that the resulting mechanical strength of the joint is strongly depending on joining pressure, holding time and kind of energy deposition. Within the used thermal joining process, a systematic temperature management is necessary and applied in order to melt the plastic. Both used joining technologies allow this easily. If the reached surface temperature and as a result the temperature of the plastic melt in the joining area is in an optimal range, the plastic melt can fill the surface structures and mechanical adhesion results from interlocking with the surfaces microstructure. If the surface temperature of the metal is not high enough, the polymer melt is not able to flow in the surfaces microstructure. If the temperature is too high, the polymer degrades and the strength of the bond is reduced.
Concerning other pre-treatment methods recent experiments with plasma pre-treatment show an increase of the adhesion as well. In combination with high speed microstructuring, the accomplished shear strengths should even be exceeded during the phase of the experiments. Further experiments will study the durability of the joining under temperature cycling test and on long term loads.
